Abstract-In this paper, a new configuration of Tapered Slot Antenna (TSA) with improved radiation pattern is proposed and studied. This antenna is designed in the form of a substrate integrated waveguide (SIW) array with respect to side lobe level constraints. For side lobe reduction, a simple quasi-triangular distribution is proposed and is accomplished uniquely by means of 3 dB power dividers. A 12-way series feed network with T -junction is designed and demonstrated. Radiation features of the antenna array are discussed to illustrate the accomplishment of a low side lobe level (−19 dB) of the array. The proposed antenna demonstrates the ability of the SIW technology to achieve a very low side lobe in a simple, compact and planar structure.
INTRODUCTION
In many practical system applications, such as microwave and millimeter-wave radar, communication and imaging, it is necessary to accommodate antenna in those systems design and implementation with high gain, low side lobe level (SLL) and low crosspolarisation [1, 2] . Such attractive characteristics can ensure low interference, high resolution and long range performances. This is crucial in meeting system specification. Inappropriate side lobes lead to false alarm in the use of a collision avoidance radar system for intelligent cruise control (ICC) applications. In this case, the SLL problem can lead to a dangerous situation in the tracking of vehicles [3] .
To meet the preset gain requirement, simple antenna element is generally not sufficient. An appropriate antenna array must be used.
In the design of such array, not only antenna element is important, but also the feeding structure presents a critical factor for achieving a specific performance. The element-to-element spacing defines the state of grating lobes while influencing the desired high gain and scan angle [5] . Of course, this spacing must be less than λo (free space wavelength). In other words, the width of elements has to be narrower than λo [4] .
Another source that deteriorates the SLL dramatically is related to any extra-components placed on the same substrate that cause spurious radiation in broadside. These spurious radiations have less effect on the end-fire antenna [1] , such as tapered slot antenna (TSA) [6] . Several TSA designs have been reported, namely: LTSA (Linearly Tapered Slot Antenna), Vivaldi (Exponentially Tapered Slot Antenna), CWSA (Constant Width Slot Antenna) and BLTSA (Broken Linearly Tapered Slot Antenna) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . It is well-known that the TSA features high gain, low VSWR, and wide bandwidth. However, antenna width reduction is necessary when it is used to form an antenna array. It has been documented that a reduced antipodal LTSA (ALTSA) antenna width is closely associated with degradation in radiation pattern, resulting in a significant problem for the design of compact TSAs [9] .
Recent emerging research and development suggest that the substrate integrated waveguide (SIW) technology possesses attractive features, such as low-profile, low-weight, low-cost, easy implementation compatible with current microwave and millimetre-wave design and fabrication platforms. So far, a vast range of SIW components including filters, phase shifters, transitions, couplers, power dividers, and diplexers have been proposed and studied [19] [20] [21] [22] [23] . This scheme has been demonstrated for its nascent applications to a wide range of antennas and feeding networks as well as beam-forming architectures [12] [13] [14] [15] [16] . The radiation-lossless quality of the SIW structure presents an excellent potential to design array antenna feeds. In fact, the inherent radiation loss and/or cross-talk in microstrip technology used as array feeder greatly affects SLL, cross-polarisation and also introduces gain loss [17, 18] . This is in particular more pronounced at millimeter-wave frequencies where transmission loss and parasitic coupling are more sensitive.
In this paper, an SIW end-fire antenna array, built with simple amplitude distribution is studied and used to control the SLL. First, a corrugation is proposed for effectively reducing the width of antipodal LTSA without degrading their antenna patterns. Various critical parameters of this antenna are studied as well as design criteria of the material used are considered. Second, this antenna is used in an array to achieve higher gain. A series-feed mechanism is proposed to achieve quasi-triangular distribution. In the proposed array feed, identical power divider is used to excite non-uniformly the antipodal array. The single element and array structure are fabricated. Measured results are presented and compared with its simulated counterparts.
SIW CORRUGATED ANTIPODAL LTSA
A SIW-based antipodal LTSA was demonstrated in [12] . In the antipodal version of the LTSA as shown in Fig. 1 , the metallization on either side of the substrate is flared in opposite directions to form the tapered slot. When the SIW waveguide is used to feed the ALTSA, which is different from standard feed techniques, the bandwidth limitation caused by balun can be removed and, thus, wideband characteristics are indeed obtainable. The lowest operating frequency for this antenna is determined by the cut-off frequency of the SIW structure which has a high-pass characteristic. However, a mismatch problem takes place. To solve this problem, the flaring metal covers are designed in order to overlap. This overlap as shown in Fig. 1 is defined by parameter d com . TSA width d with should be larger than 2λ r . A degradation of radiation pattern has been observed for a narrower TSA width [9] . This degradation in the radiation pattern is a significant problem for the effective design of compact TSAs. Pattern improvement for a narrow width antenna can be achieved by using corrugation structure, which makes this technique suitable for the formation of antenna arrays where small spacing between antenna elements is needed. Corrugations are well known in the design of horn antennas in which they are used to suppress higher modes. Therefore, they guarantee the polarization pureness of antenna. A Fermi TSA antenna with a corrugation concept structure was proposed by Sugawara et al. [9] as well as Sato et al. [10] , which has effectively reduced the width of tapered slot antennas without degrading their radiation patterns. This solution has theoretically been validated with the proposed SIW antipodal LTSA as shown in Fig. 1 .
In this work, our SIW antipodal LTSA is optimized to work around 28 GHz. Substrate RT/Duroid 6002 with thickness b of 508 µm and dielectric constant of ε r = 2.94 is used. Parameters of the optimized structure are shown in Table 1 . Physical dimension of the slot corrugation is constrained by our laboratory fabrication process. In fact, the smallest possible slot, feasible under this process, is 236 µm in this work. The slot lengths are selected to be around λ r /4, where λ r is the wavelength in the dielectric substrate. Figure 2 shows simulated pattern results of antennas with and without corrugation. Without corrugation, the E-plane pattern beamwidth is excessively large and the SLL in H-plane is 12 dB. Once the corrugation is used, a noticeably decreasing of 3 dB beamwidth can be observed in the E-plane, while the beamwidth in the H-plane increases. The sidelobe in the H-plane for this antenna is 33 dB and 32 dB in the E-plane. The cross-polarisation level with corrugation is found to be better than 27 dB at the frequency of design and without corrugation is 15 dB. The latter value is however better than the non-SIW ALTSA thanks to the overlapped flaring metal.
Compared to the design in [12] [13] [14] , the gain is performed without augmentation of antenna width to 2λ r suggested in [9] , the cross polarization level which is one of the drawbacks of the standard TSA is ameliorating at excellent level. The beamwidth in E plan is large, with corrugation this beamwidth is narrower which it is very important in the design of the 2D array to have pencil beam. At another level the bandwidth is larger than the antenna TSA with linear taper in [5] .
To explain this improvement, simulated E-field distributions are shown in Fig. 3 along the antipodal LTSA structures with and without corrugation. Also the E-fields in the transverse plane over the radiation region are described. In the case without corrugation, the electrical field orientation at the edge of the antenna substrate is opposite to that in the antenna aperture. The corrugation structure is used to alter the phase of currents flowing along the outer edge of the substrate. It changes the orientation of the electric field at the edge of the antenna substrate. The effective antenna aperture is thus increased by the presence of the corrugation, which ensures a plane wave phase front over the antenna aperture. In standard antenna, the antipodal nature of the antenna gives rise to very high levels of cross-polarisation, particularly at high frequencies because the skew in the slot fields is close to the throat of the flare. As shown in the field distribution in the transverse view in Fig. 3 , the field in the center region is more highlighted in the structure without corrugation. Out of this perturbed region, the field is parallel to the two sides of the substrate compared to the one in the antenna without corrugation which is arranged in an arc.
The impact of the slot width is verified for its dimensional variation from 6 to 12 mil. A small effect on the SLL level is observed without gain degradation. For the slot depth, the variation affects the gain of the antenna by changing the effective aperture. It is possible to optimize the corrugation slot to achieve the same beamwidth in both E-and H-planes. Simulated and measured return losses of the proposed antenna are shown in Fig. 4 . The return losses are lower than 15 dB and 10 dB in the simulation and the measurement, respectively. Such degradation is probably caused by the transitions mismatch.
E-plane and H-plane patterns of the antenna as well as the cross-polarisations at 28 GHz are measured and shown in Fig. 5 . The achieved gain is 12.2 dBi against the simulated 11.9 dBi. This difference is within the calibration-related tolerance range of the antenna reference in our anechoic chamber. The 3 dB beamwidth is 59 degree in the E-plane and 48 degrees in the H-plane and the first primary side lobe is located at −22 dB. It can be seen that the measured results are in good agreement with the simulated ones. The crosspolarisation level shows a 4 dB degradation compared to the simulated counterpart (Fig. 2) .
It is noted that the TSA performances are sensitive to the thickness t and the dielectric permittivity ε r of the supporting substrate. Yngvesson et al. [6] define a factor:
An acceptable range for a good TSA operation is experimentally determined:
For substrate thicknesses above the upper bound, the performance of the TSA is degraded by substrate modes. The TSA on a substrate Figure 6 . Simulated radiation pattern obtained by HFSS at 28 GHz corresponded to substrate thickness of 0.05 mm and 2.5 mm.
thinner than the lower bound would suffer from a decreased directivity.
In the designed antenna, substrate of 2.94 relative permittivity and 0.508 mm thickness is used, which is equivalent to f substrate = 0.034. Obviously, this value is out of the Yngvesson range. As demonstrated above, the designed antenna still works adequately in both simulation and measurement. To examine the possibility of using material out of the defined range, two different thicknesses are tested here: b = 0.05 mm (2 mil) and b = 2.5 mm (a/2). This is equivalent to an f substrate of 0.0034 and 0.101, respectively. Fig. 6 illustrates Eplane radiation patterns of the two structures selected. For the 2 mil substrate, the SLL is still low with 9 dBi of gain. For the 2.5 mm structure, the gain is 8.2 dBi and the SLL is at 15 dB. These results demonstrate the possibility to design the antipodal corrugated TSA with materials out of f substrate Yngvesson's range.
TRIANGULAR POWER DISTRIBUTION
Different types of power distribution have been used to reduce the sidelobe level of an array, such as binomial distribution, Dolph-Chebyshev distribution, triangular distribution, and Taylor distribution [4] . A power taper can be made in a parallel configuration, also called corporate feed network, in which the signal is divided at each level of the pyramid structure or can be made by either serial network [24] in which signal power is divided only at the right/ left hand side ports of individual dividers. Generally, to achieve a desired distribution, unequal power dividers with different ratio have to be used. Nevertheless, it is possible to use an identical power divider as 
Figure 7.
Half Array with the quasi triangular distribution: The feed network is composed by the cascade of power dividers with the same ratio separated by ∆s, the distance ∆l is used compensate the phase. The outer port is not used to define the proposed distribution.
an element in the feeding system as shown in Fig. 7 . After each stage, the same power portion α 2 is directed to the outputs as shown in the figure. The power distribution is defined as: Figure 8 shows the amplitude at the output port versus the position for different α 2 values (0.5, 0.4 and 0.3). The excitation currents in dB as shown in Fig. 8 define a triangle while in magnitude they define convex curve (in the standard distribution, like in Taylor, the curve is concave). In case of using 3 dB power divider (α 2 = 0.5), the power is attenuated by 3 dB after each stage to obtain (−6, −9, −12, −15, −18, −21 dB . . .). The output port number can be increased by simply connecting a new power divider source to the line after N th level.
The corresponding array factor of 10 elements equally spaced at 0.5λo for different values of α 2 is shown in Fig. 9 . The SLL level is suppressed at 20 dB and the directivity increases when α 2 decreases.
The proposed power divider is used to define the current distribution of a 10 element array. As shown in Fig. 10 , the circuit is built of equal power divider T -junctions. To define the initial design parameters of the T junction with inductive matching post, a set of curves described on [25] is used. This set has been generated with the use of a FEM software package. To connect different power dividers, To equalize phase shifts at the output ports, differential length (∆l i ) phase shifters are used. Fig. 10 presents the E-field distribution along the designed structure containing 3 dB-T power divider. As shown in the figure, the power is divided by two after each stage. The phases are thus equal at the output ports. Figure 11 . Couplings coefficient between the input port and the output ports as well as return loss performances. Figure 12 . The phase shifts differences.
When port 1 is exited to the output ports starting by the outer port (port 2) to the central one (port 7) as shown in Fig. 10 , simulated transmission coefficients in Fig. 11 are reported and compared with intending ones (namely, −6, −9, −12, −15 and − 18 dB). All transmission coefficients fluctuate around the ideal coupling factor in the band of 23 to 28 GHz. Over this band, the return loss is less than −20 dB. The differences of phase with port 2 as reference are shown in Fig. 12 . The structure provides in-phase shift output ports with 10 degrees error from 23 to 28 GHz.
The proposed series feeder is used to feed antipodal LTSAs array. The antenna design shown in Fig. 13 is fabricated as a fully integrated feed. In principle, the last branch is not used to define the proposed quasi-triangular amplitude taper. In fact, the power ratio fed to the port 2 and 3 are the same. However, to ensure the lossless nature of this power divider, the two outputs in the outer sides are used to feed more array elements. The structure is milled by using a laser micromachining technique with very tight tolerances. The overall antenna size is of 71 × 96 mm 2 involving SIW microstrip transitions.
The measured radiation pattern at 28 GHz is shown in Fig. 14 and compared to the simulated one. Both measurement and simulation are in good agreement. The gain of the main lobe is measured at 19.25 dBi with a 3 dB beamwidth of 10 degrees. There is a difference of 18.86 dB between the main beam and side lobes observed at 16 degrees. The H-plane pattern remains almost unchanged (56 degrees) compared to a single element, except a slight decrease in SSL. Simulated and measured radiation patterns of the designed 1 × 12 antipodal LTSAs array spaced by 0.75λ 0 at 28 GHz.
CONCLUSION
A very compact and high performance corrugated antipodal antenna has been proposed, studied, fabricated, and measured. Measured results meet the proposed design specifications, which are in good agreement with simulated results. A wideband H-plane waveguide serial divider was designed to achieve in-phase and non-equal amplitude distributions. This power divider is used to generate the proposed simple quasi-triangular distribution and can be used to achieve various amplitude distributions. The 12-way power divider was used to feed an antipodal LTSA array antenna. Eexperiments at 28 GHz have confirmed the generation of the desired distribution.
